To solve the problems of unsmooth stator flux linkage locus, large torque ripples and big power loss in conventional direct torque control system of permanent magnet synchronous motor, the discrete space vector modulation technique is analyzed, and a new direct torque control method (DSVM-DTC) is proposed in this paper. PI controller and DSVM modulator are used to instead hysteresis controller and switch table in conventional DTC system, which increased the equivalent voltage vectors and selected accurate zero vectors in different sectors. Therefore, the errors of flux and torque can be compensated accurately. Simulation results prove that DSVM-DTC effectively improved the steady-state performance of the system, declined the switching loss, reduced torque ripple, and flux linkage locus is more smooth under the premise of ensuring constant switching frequency.
Introduction
The permanent magnet synchronous motor (PMSM) is widely used in the field of electrical control for the advantages of fast response, high power density and high efficiency. Direct torque control using stator flux oriented control method, direct control of the motor flux and torque, with dynamic response fast, good robustness and so on. Therefore, in recent years, PMSM direct torque control has been widely concerned by the academic community [1] .
The main disadvantages of traditional DTC method are unsmooth stator flux linkage locus, large torque ripples and great Inverter drive loss [2] . In order to improve the steady state performance of the traditional DTC, many improvements have emerged. Such as space vector pulse width modulation scheme, fuzzy control scheme and discrete space vector modulation scheme. In order to reduce the torque ripples of the motor, Space vector pulse width modulation scheme is able to synthesize any desired space vector by selecting suitable space vectors [3] , But large switch drive loss will be caused in the system. The fuzzy control scheme can reduce the torque ripples of electromagnetic torque by judging the torque, flux tolerances and sector of the system to get the output space vectors [4] . However, the computation in this method is large, and it will make the system more complex. Using discrete space vector modulation scheme can not only reduce the torque ripples, but also decline the drive consumption, improve the steady-state performance of the system [5] .
Based on the DSVM control scheme, this paper proposes a new PMSM direct torque control method, which improves the dynamic response performance of DTC.
Mathematical Model of Permanent Magnet Synchronous Motor
Assuming that the PMSM core is in a state of saturation, neglecting the eddy current, the rotor damping winding and the hysteresis loss of the motor [6] , The mathematical model of PMSM in d-q coordinate system can be expressed as in(1)~(5). 
Discrete Space Vector Modulation
The three phase voltage source inverter has 6 power transistors, it has 8 kinds of working conditions and corresponding to 8 different voltage space vectors, which have 6 non -zero vectors and 2 zero vectors. Space vector modulation technology divides the space into 6 different sectors by use 6 nonzero vectors, when the reference voltage space vector is rotated to any one sector, a new vector of infinite approximation reference voltage vector is obtained by this sector of the two non-zero vectors and a zero vector combination, thus the system can get the stable switching signals [7] - [8] . But in fact, in the same sector, due to the different spatial position of stator flux, the effects of voltage space vector on the torque and flux are also different. Conventional space vector modulation strategy has less space vector, can not accurately compensate the error of flux and torque. Therefore, DSVM control technology uses in this paper, which can increase the optional voltage vectors, reduce the switching losses by selecting different zero vectors.
The DSVM control technology divides the control cycle into m time periods, each of the different time periods can obtain the synthetic space vectors by calculating and judging. Therefore, a plurality of voltage space vectors can be synthesized in one cycle, thereby reducing the torque ripple. The larger the value m , the greater the amount of computation, the switch table will become more complex. Based on an overall consideration of various factors, choosing 3 m  . In this way, 19 different equivalent voltage space vectors can be obtained, as shown in Figure. 1. The label " Z " represents zero vector, The intersection point of the graph is the end point of the vector. Such as: the label " 56Z "denotes the synthetic space vector of voltage vector 5 V , 6 V and zero vector. On this basis, in order to reduce the switching loss of the inverter, Only one kind of zero vector is applied in a sampling period, which make the switch tube of one phase bridge arm in the three-phase bridge arm of the inverter is not action, the switching times from 6 reduced to 4, greatly reduce the switching loss of system. Selecting the same kind of zero vector in all sectors will make the switching losses of the upper and lower bridge arm of the voltage source inverter are not consistent. Considering this reason, in this paper, the zero vector 7 V is selected in the Ⅰ, Ⅲ, Ⅴ sectors, the zero vector 0 V is selected in the Ⅱ, Ⅳ, Ⅵ sectors. In this way, the switching times of the switch tube is reduced, and the switching loss of the upper and lower bridge arms is consistent, so that the switching loss is reduced to a minimum.
Direct Torque Control Based on DSVM
The DSVM-DTC control system used in this paper is shown in Figure 2 . In order to reduce the PMSM output torque ripples, The DSVM modulation unit and the PI regulator are added to replace the switch table, the torque hysteresis comparator and the flux hysteresis comparator in conventional DTC, so as to achieve the accurate compensation of the flux errors and torque errors. By Figure 4 and Figure 9 can be seen that the use of DSVM-DTC control method to drive the inverter switch times than conventional DTC reduced by 1/3, which shows that the DSVM-DTC control method can effectively reduce the switching loss of the system. Figure 5 and Figure 10 for two different control methods of the stator flux track, compared to the conventional DTC strategy, the flux pulsation of DSVM-DTC is lower, and the flux track is smoother. Figure 6 and Figure 11 show that the speed response of the two control systems are basically the same, the steady-state error approaches to 0, which indicates that the system can follow a given value well and achieve stability in a short period of time. Compared with Figure 7 and Figure 12 , the dynamic response of the two control methods are relatively fast, but the torque ripple of DSVM-DTC is lower than that of the conventional DTC. Figure 8 and Figure 13 for the two control methods to drive the PMSM stable operation after the amplification of the torque waveform when the motor torque is 10N m  . From the simulation results, The conventional DTC maximum torque ripple is 9.1%, the average torque ripple is 5.2%, the maximum torque ripple of DSVM-DTC is about 4.9%, and the average torque ripple is about 2.7%. It follows that the DSVM-DTC method can effectively improve the steady-state performance of the system, compared with the conventional DTC method, the average torque ripple of the motor is reduced by 2.5%. 
Conclusions
In this paper, the discrete space vector modulation technique is analyzed in detail, and proposes a new PMSM direct torque control method based on DSVM. The simulation results show that comparing with the conventional DTC method, DSVM-DTC system has faster dynamic response, better robustness, and a smoother stator flux trajectory. The average torque ripples is reduced by 2.5%, and declined the power loss of the inverter. In this way, the whole control system can be operated with high efficiency for a long time. Therefore, the DSVM-DTC method proposed in this paper has a good application prospect. 
